Abstract Extracellular-(E-PPS) and intracellular-protein-polysaccharides (I-PPS) complexes were produced by Trametes versicolor in submerged cultures with different carbon sources. The highest extracellular-(EPS) and intracellular-polysaccharide (IPS) concentration in the complexes was obtained with tomato pomace culture. DPPH radical scavenging for E-PPS and I-PPS produced by liter of culture was equivallent to 2.115 ± 0.227 and 1.374 ± 0.364 g of ascorbic acid, respectively. These complexes showed a protector effect in the oxidation of erythrocyte membranes and had ability to inhibit the hemolysis and methemoglobin synthesis in stressed erythrocytes. These results suggest that extracellular-and intracellular-polysaccharides produced are important bioactive compounds with medicinal potential.
Introduction
Several species of mushrooms are valued as food and for their medicinal properties. Mushroom-derived polysaccharides have demonstrated medicinal effects including lowering of blood pressure and cholesterol levels, as well as liver protection and anti-fibrotic, anti-inflammatory, anti-diabetic, and anti-viral activities Gern et al., 2008; Li et al., 2008) . Some Basidiomycetes are able to synthesize protein-bound polysaccharides with antitumoral and immunostimulating properties used to supplement the chemotherapy and radiotherapy of cancers and various infectious diseases (Cui and Chisti, 2003; Lee et al., 2006; Sakagami et al., 1991; Tzianabos, 2000) . The medicinal use of extracts of edible mushrooms may be more natural and less expensive than traditional pharmacological therapies and could reduce the occurrence of adverse effects (Jedinak and Sliva, 2008) . Modern researches have shown that polysaccharides reduce metabolism in brain neurons and scavenge radicals Jiang et al., 2010) . They are used as additives in food and cosmetics (Manzoni and Rollini, 2001 ). The first commercial protein-bound preparation isolated from T. versicolor was the polysaccharide Krestin (PSK). Another well-documented patented biopolymer is polysaccharopeptide (PSP); the physiological activity, uses and production of PSP have been reviewed comprehensively (Cui and Chisti, 2003) .
Polysaccharides are a major contributor to the rigidity and morphology of the fungal cell wall, and, depending on the culture conditions, they can be excreted to the medium. They fulfill different functions during growth on natural substrates, such as adhesion to surfaces, immobilization of secreted enzymes, and prevention of hyphae from dehydration and increased residence time of nutrients inside the mucilage (Kim et al., 2002; Rau, 1997) . When fungi are grown in submerged cultures, many factors contribute to the development of any particular morphological form, which can range from dispersed mycelial filaments to densely interwoven mycelia masses, known as pellets, of highly varying compactness. Controlling mycelial morphology during fermentation is important for many industrial applications (Braun and Vecht-Lifshitz, 1991, Marchall and Alexander, 1960; Papagianni, 2004) . Submerged fermentation of T. versicolor is a promising alternative for efficient polysaccharide production, which has been complicated by the long cultivation period of the fungal fruiting body, the difficulty of maintaining product quality control during cultivation and the demand of the market for high-quality mushroom products.
The aim of this study was to select a low-cost carbon source to optimize the production of E-PPS and I-PPS by T. versicolor in submerged cultures. E-PPS and I-PPS complexes were extracted, isolated, quantified, and analyzed by SEC UV-RI-HPLC to determine their molecular weights. The biological activities of E-PPS and I-PPS were assessed by their DPPH radical-scavenging activity and their ability to reduce hemolysis in stressed erythrocytes.
Materials and methods

Microorganism and inoculum
Trametes versicolor was isolated from Quercus suber and kindly provided by Instituto Superior de Engenharia de Lisboa (ISEL). The culture was maintained on PDA, transferred to a fresh agar plate every month, and grown at 28°C during 7 days. T. versicolor cultures were cut in small pieces and transferred to shake-flasks.
Experiments
Cultures were prepared in 100 mL shake-flasks with a basal media with the following composition per liter: yeast extracts 2 g, KH 2 PO 4 0.8 g, MgSO 4 Á7H 2 O 0.5 g, Na 2 H-PO 4 Á2H 2 O 0.25 g, NH 4 NO 3 1 g, pH 6.0. Different carbon sources: glucose, maltose, sucrose, mannitol, tomato pomace, and beet wastes, were provided individually, in the basal medium, at 10 g l -1 . Flasks were incubated at 28°C, for 20 days, using an orbital shaker at 150 rpm. Assay samples were collected daily during 20 days.
Following fermentations in 500 ml shake-flasks in basal-medium containing tomato pomace wastes, at 10 g l -1 , were carried out during 14 days for the production of protein-polysaccharides.
All chemicals used are reagent grade (Sigma).
Biomass concentration
The culture broth was centrifuged at 10,000 9g to separate the supernatant with EPS from the mycelia. The biomass was washed with distilled water and dried at 60°C for 48 h to determine biomass dry weight.
Protein-polysaccharide recovery-isolation and quantification
Mycelia biomass was heated in water (90°C) for 2 h for the extraction of I-PPS according to standard procedure (Lin and Sung, 2006) . The filtrate was treated with four volumes of cooled ethanol 95%. After 12 h under refrigeration (4°C) the sample was centrifuged at 3000 9g for 15 min and the precipitate was resuspended with equal volume of ethanol 75% and centrifuged as described above. Precipitates were dried at 60°C to remove residual ethanol and the residues were dissolved in distilled water. After biomass separation, E-PPS was extracted from culture broth following the method described above.
The concentration of polysaccharides, EPS and IPS, obtained in the complexes was determined by the phenolsulphuric method (Dubois et al., 1956) . The concentration of protein of the complexes was determined by Lowry method (Lowry et al., 1951) .
Polysaccharide molar mass
Average molecular weight (Mw) of protein-polysaccharides complexes was determined by size-exclusion chromatography (SEC), using a HPLC system consisting of a Hitachi Elite LaChrom Pump L-2100 coupled to a variablewavelength UV detector L-2400 (280 nm) and RI detector L-2490. Chromatographic separations were achieved using a Shodex SB-803 HQ column (8 9 300 mm, id 6 lm). Mobile phase (ultrapure water containing 0.05% NaCl) was pumped at a flow rate of 0.6 ml min -1 in the column. A molecular weight calibration curve was fitted with polyethylene glycol standards (1-100 kDa, Sigma Chemical Co., MO, USA).
Biological activity
Antioxidant activity
Antioxidant properties of the E-PPS and I-PPS extracts were tested using the scavenging activity on DPPH radicals, measuring the decrease in DPPH radical absorption after exposure to radical scavengers (Tepe et al., 2007) . Thirty microliters of various concentrations of the extracts were added to 200 ll of DPPH 0.1 mM. Ascorbic acid (1-50 mg ml -1 ) was used as positive control. The mixture was gently homogenized and left to stand at room temperature for 30 min, absorbance was read at 520 nm.
Effect of complexes in erythrocyte oxidative stress
The percentage of hemolysis and the synthesis of methemoglobin were the selected methods to determine the protective effect of the complexes on the erythrocyte oxidative stress, using cooper as stress-inductor agent (Silva et al., 2006) . The erythrocytes rat suspensions (25 mM sodium phosphate buffer 0.9% NaCl, pH 7.4) were incubated for 15 min with the E-PPS, I-PPS extracts or flavonoid quercetin (positive control), at final concentration of 25 lM. These suspensions were exposed to an oxidant stimulus (200 lM of copper chloride) and incubated at 37°C. The % of hemolysis and the methemoglobin formation were determined at 0, 90, 180, and 270 min.
Results and discussion
Effect of carbon sources in cultures
The final mycelial biomass, pH, and concentrations of EPS and IPS in the complexes were determined for shake-flask T. versicolor cultures containing different carbon sources in basal media (Table 1) . Among the defined carbons sources, the highest mycelial biomasses were obtained with mannitol (2.53 g l -1 ) and sucrose (2.38 g l -1 ), while the highest concentrations of EPS and IPS in the complexes were obtained with glucose (0.17 and 0.02 g l -1 , respectively) and sucrose (0.16 and 0.01 g l -1 , respectively). Among the agro-industrial residues used, beet wastes yielded the greatest biomass (6.45 g l -1 ), and tomato pomace gave the highest levels of EPS and IPS (0.55 and 0.025 g l -1 , respectively). EPS production by T. versicolor increased exponentially between the 4th and 14th days with the four defined carbon sources (Fig. 1a) and in the first 10 days with the agroindustrial residues (Fig. 1b) . The EPS concentration in all cultures was highest at day 14, ranging between 0.15 g l -1
for mannitol and 0.90 g l -1 for tomato pomace.
Characterization of protein-polysaccharide complexes
The molecular weights (Mw) of the main compounds isolated from E-PPS and I-PPS are summarized in Table 2 . E-PPS produced in cultures containing mannitol, maltose, tomato pomace or beet wastes yielded compounds of higher Mw ([10 kDa). The compounds with the highest Mw ([100 kDa) were isolated from I-PPS produced in maltose, mannitol, tomato pomace, and beet cultures. Polysaccharides isolated previously from mycelium or from the supernatant of T. versicolor cultures have had reported Mw ranging from 1 to 100 kDa Tavares et al., 2005) . RI-UV-HPLC was used to analyze the E-PPS and I-PPS compounds produced by cultures of T. versicolor using agro-industrial wastes (Fig. 2) . The glucidic and protein fractions of E-PPS and I-PPS were detected at the same retention time in RI and UV detectors. The concentration of the highest Mw-fraction of E-PPS was very low (\ 3%) relative to that of the other fractions (Fig. 2a, c) . The compounds of peak 2 of the E-PPS of the two agroindustrial waste cultures had similar Mw (*3 kDa), suggesting that they are analogous protein-polysaccharide complexes. The I-PPS chromatograms of the two cultures were very similar (Fig. 2b, d ). However, equivalent molar masses do not imply similar molecular structures and molecular conformations. Figure 3 illustrates some characteristics of the T. versicolor cultures. Soft agitation benefited the growth and performance of the microorganisms, providing better mixing of Table 1 Effect of carbon sources on mycelial biomass and final pH, EPS and IPS in the complexes produced by T. versicolor
E-PPS and I-PPS production in tomato pomace cultures
Carbon source
Mycelial biomass (g l
Glucose 2.01 ± 0.02 6.84 ± 0.01 17.83 9 10 -2 ± 4.01 9 10 -2 2.03 9 10 -2 ± 0.76 9 10 -4 Sucrose 2.38 ± 0.02 6.44 ± 0.04 15.80 9 10 -2 ± 1.07 9 10 -2
1.05 9 10 -2 ± 2.46 9 10 -4 Maltose 1.62 ± 0.02 7.27 ± 0.04 7.49 9 10 -2 ± 1.80 9 10 -2 0.78 9 10 -2 ± 0.92 9 10 -4 Mannitol 2.53 ± 0.01 4.73 ± 0.02 8.38 9 10 -2 ± 2.84 9 10 -2 1.15 9 10 -2 ± 0.65 9 10
Beet wastes 6.45 ± 0.01 7.27 ± 0.01 18.30 9 10 -2 ± 2.45 9 10 -2
1.56 9 10 -2 ± 1.42 9 10 -4
Tomato pomace 4.82 ± 0.01 7.23 ± 0.02 55.05 9 10 -2 ± 3.40 9 10 -2 2.50 9 10 -2 ± 7.21 9 10 the fermentation broth and equally maintaining the driving force between the nutrients in the cellular interior and exterior. This improves the oxygen supply, biomass growth and mycelial morphology (Kim et al., 2002) . The pellets observed in tomato pomace cultures were small and spherical. The biomass, polysaccharide, and protein concentrations in the E-PPS and I-PPS complexes were determined periodically during the 14-day fermentation (Table 3) . Biomass increased exponentially during the first 4 days, with a specific growth rate (l) of 0.021 h -1 . At the end of the culture period, the EPS and IPS concentrations were 1.517 ± 0.035 and 0.0180 ± 0.001 g l -1 , respectively. In E-PPS, four different Mw compounds between 10 3 and 1.7 9 10 4 Da were detected by SEC-UV-RI-HPLC, whereas three compounds between 10 3 and 10 5 Da were detected in I-PPS (Table 1) . Production of EPS and IPS was accompanied by an increase in protein concentration in the E-PPS and I-PPS complexes (Table 3) . However, the differences in protein content suggest that the compositions of the E-PPS and I-PPS complexes are dissimilar.
A high-volumetric EPS production rate was observed during the first 8 days of culture (0.156 g l -1 d -1 ), corresponding to a production yield of 0.44 g EPS per gram of biomass. Although the volumetric production rate decreased to 0.06 g l -1 d -1 between the 8th and 14th days, a higher production yield was observed on the 14th day of culture (0.57 g of EPS per gram of biomass).
The volumetric IPS production rate during the first 4 days of culture was 2.22 mg L -1 d -1 , with a production yield of 4.15 mg per gram of biomass. At the end of the culture period, the yield of IPS was 6.72 mg per gram of biomass. T. versicolor cultures containing tomato pomace produced more EPS than IPS.
The results confirm that E-PPS and I-PPS are primary metabolites that are mainly formed during fungal growth (Rau et al., 2009; Wang et al., 2005) .
Biological activity
Antioxidant activity
Both E-PPS and I-PPS had antioxidant activity. The ability of the extracts (1.52 g l -1 of E-PPS and 0.018 g l -1 of I-PPS) to scavenge DPPH free radicals was 40.42 ± 3.04% and 36.91 ± 1.76%, equivalent to 2.115 ± 0.227 and 1.374 ± 0.364 g l -1 of ascorbic acid, respectively.
Effect of complexes on erythrocyte oxidative stress
The protective effect of E-PPS or I-PPS in the oxidation of rat erythrocyte membranes was studied in vitro using cooper as a stress-inducing agent. Hemolysis and methemoglobin synthesis in stressed erythrocytes increased throughout the duration of the assay in the presence of ethanol (negative control), whereas E-PPS, I-PPS and quercetin (positive control) inhibited hemolysis and methemoglobin synthesis in erythrocytes after 180 min of incubation (Fig. 4 ). E-PPS or I-PPS suppressed erythrocyte hemolysis and methemoglobin formation induced by cooper, with a protective effect similar to that of a natural strong-antioxidant control (quercetin). Previous studies (Barros et al., 2008 Zhang et al., 2007) have reported antioxidant activity in protein-polysaccharide complexes produced by Basidiomycetes. The nonenzymatic free radical-mediated oxidation of biological membranes and tissues is involved in a variety of pathological events, cancer and aging (Barreca et al., 2009; Niki et al., 1988) . Membrane peroxidation is one of the primary events in oxidative cellular damage.
In this study, E-PPS and I-PPS exhibited remarkable radical-scavenging activity and protected erythrocytes from hemolysis. Selected bioactive complexes from T. versicolor cultures may be an alternative to more toxic-synthetic antioxidants for use as additives in food, pharmaceutical and cosmetic preparations (Barros et al., 2008) .
The results also confirm the potential of tomato pomace as a carbon source in basal medium to maximize the production of protein-polysaccharide complexes by T. versicolor in the culture supernatant. This clean process takes advantage of the low cost of agro-industrial residues. Continuing research will focus on the development and scale-up of this low-cost process for producing E-PPS and I-PPS from T. versicolor cultures in a bioreactor with tomato pomace as a carbon source. 11.904 9 10 -3 ± 1.080 9 10 -3 28.436 ± 0.998 10.691 ± 0.688 10 2.66 1328.710 9 10 -3 ± 6.931 9 10 -3
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